INTRODUCTION
============

With the depletion of fossil resources and the strict requirements of environmental protection and sustainable development, traditional chemical industry is facing severe upgrade to satisfy the growing population and energy demand. The idea of nonmetallic catalysis has attracted considerable attention over the past decade in the fields of chemistry and materials science ([@R1]), especially for nanocarbon materials, which have shown unique advantages, such as tunable surface acidity/basicity and electron density as well as earth abundance of carbon elements and reusability. Various types of nanocarbon materials (graphene, nanotubes, nanodiamond, etc.) have been applied in gas-phase ([@R2]) or liquid-phase ([@R3]) thermal catalysis and also electronic catalysis ([@R4]), such as oxidative dehydrogenation (ODH) of alkanes ([@R5]), selective oxidation of organics ([@R6]), and oxygen reduction reactions ([@R7]). However, the main challenge in enhancing stability and selectivity of carbon catalysts still exists, and developing previously unknown generations of nonmetallic catalysts is still the main research emphasis in related fields. For example, it has been reported very recently that boron nitride (BN) exhibits ultrahigh stability and alkene selectivity (\>98%) in light alkane (propane or ethane, etc.) ODH reactions, which is considered as a new-generation "game-changing" catalytic material for selective ODH reactions ([@R8]). The promoted catalytic activity and stability of BN materials are generally believed to originate from their abundant edge sites in oxidation state and relatively high thermal conductivity ([@R9]--[@R12]). However, the well-defined reaction mechanism and the clear identification of active sites for BN catalysts are still beyond realization, which has hindered the further development and potential practical applications of BN catalytic materials.

One of the feasible methods to further promote the catalytic activity of BN is to introduce the carbon element leading to previously unknown borocarbonitride (BCN) materials ([@R13]). BCN hybrids tend to form isolated patches of hexagonal BN in graphene phases (at high B and N concentrations), the structure of which is thermodynamically favorable compared with homogeneous distribution of B, C, and N elements ([@R14]). The coexistence of graphene and BN domains in the same structure provides an ideal platform for identification, quantification, and comparison of the active sites; intrinsic activity; and detailed ODH reaction mechanism on carbon and BN materials. In addition, these BCN materials have extraordinary properties complementary to those of pure carbon and BN with a wide spectrum of changes in morphology, porosity, surface oxygen functional groups, and electronic structure ([@R15]). Introduction of graphene domain also facilitates the electron transportation process, and BCN materials could impart carbon catalysis to BN materials for several catalytic applications with notable activity enhancement ([@R16], [@R17]). For example, BCN nanosheets exhibit both high activity and excellent oxidation resistance in ODH of ethylbenzene to styrene ([@R18]), as well as notable catalytic activity for oxygen reduction ([@R19]). However, the catalytic applications of BCN materials are still at an early proof of concept stage ([@R20]), and the molecular design and synthesis of BCN catalysts and quantification of the catalytic activity of each functionality remain to be explored ([@R21]).

Here, we developed a previously unknown and effective synthetic approach for BCN nanotubes (BCNNTs) via assembly and pyrolysis of small organic molecules. The nitrogen, boron, carbon, and oxygen content of the proposed BCNNT materials could be regulated in a wide range, which are considered as ideal platform catalysts to clarify the origin of the activity, similarity, and difference of nonmetallic carbon and BN materials. Oxygen-assisted methanol conversion to formaldehyde (FA) and dimethyl ether (DME) was performed on BCNNT catalysts to identify and quantify the origin of both acidic and redox catalytic activities. The proposed BCNNT catalysts exhibit a notable activity improvement for methanol conversion (29%) with enhanced FA selectivity (54%), superior to pure BNs or nanocarbons. The basic reaction kinetics of methanol conversion were systematically investigated, indicating the superiority of BCN compared with carbon and BN. The proposed active site identification and quantification strategy may also shed light on the establishment of structure-function relations, which would promote the development of novel BCN catalytic materials.

RESULTS AND DISCUSSION
======================

Preparation and characterizations of catalysts
----------------------------------------------

As shown in [Fig. 1](#F1){ref-type="fig"}, BCNNTs were synthesized via a simple pyrolysis process using boric acid, urea, and polyethylene glycol (PEG) as boron, nitrogen, and carbon source and soft templates, respectively. The high-resolution transmission electron microscopy (HRTEM; [Fig. 2, A and B](#F2){ref-type="fig"}) and scanning electron microscopy (SEM) images (fig. S1) suggest that the synthesized BCNNT catalysts are shaped as one-dimensional (1D) nanotubes with a mean external diameter of around 100 nm, and the thickness of the tube wall is 17 ± 3 nm. The selected-area electron diffraction (SAED) pattern mainly shows three reflections corresponding to (002), (100), and (110) planes of hexagonal graphitic structures with minor deviations due to defects and the incorporation of B and N elements. The diffused diffraction rings suggest the defective and polycrystalline nature of the nanotubes, in agreement with HRTEM observations ([Fig. 2C](#F2){ref-type="fig"}). A *d* spacing of 0.35 nm could be observed in the graphitic region in HRTEM images, which is consistent with the value of *d* = 0.348 nm from the powder x-ray diffraction (XRD) data (fig. S2), corresponding to the (002) plane of typical turbostratic graphitic carbons. The elemental mapping analysis of the synthesized BCN tubes reveals the presence of the elements B, N, C, and O ([Fig. 2, D to G](#F2){ref-type="fig"}). The Brunauer-Emmett-Teller (BET) surface area and pore size distribution of the synthesized BCN tubes are 914 m^2^ g^−1^ and 0.5 to 3 nm, respectively, based on nitrogen adsorption isotherms (fig. S3). The boron, nitrogen, and carbon content could be adjusted from 25 to 40%, 20 to 60%, and 10 to 50%, respectively, by regulating the dosage of the precursors. The relatively simple synthesis procedure and low cost shed light on the potential industrial applications of BCNNT catalysts.

![Schematic illustration of the preparation procedure of BCNNTs (left) and the proposed reaction pathways (right) for methanol conversion.](aba5778-F1){#F1}

![Structure characterization of BCNNTs.\
(**A** to **C**) TEM and HRTEM images and (**D** to **G**) energy-filtered TEM elemental mapping images of BCNNTs.](aba5778-F2){#F2}

The attenuated total reflection--infrared (IR) spectra of the BCNNT samples (fig. S4) exhibit broad bands at 1387 cm^−1^ (B─N in-plane transverse stretching), 1244 cm^−1^ (C─N stretching), 789 cm^−1^ (B─N bending) ([@R22]--[@R24]), 3670 cm^−1^ (O─H stretching), 1060 cm^−1^ (B─C stretching) ([@R25]), and 890 cm^−1^ (B─O out-plane bending) ([@R26]), indicating the formation of a ternary hybrid system of BCNNTs. The surface oxygen content and concentration of different oxygen functional groups can be adjusted (as shown in table S1 and fig. S5) through calcination of the BCNNTs in air under different temperatures (from 280° to 380°C) for a given time, and the obtained catalysts were denoted as BCNNTs-*X*, where *X* represents the calcination temperature.

Catalytic performance
---------------------

Methanol conversion in the presence of oxygen, which is considered as an important type of reactions in chemical industry, was performed on the synthesized BCNNT samples to evaluate their acidic and redox catalytic properties. The reaction was run under relatively gentle conditions (573 K) to ensure the structural integrity of BCNNT catalysts (fig. S6). First, the content of B, C, and N was optimized on the basis of the comparisons of the catalytic activity for different BCN samples with various B/C/N ratios (table S2), which were synthesized by changing the dosage of precursors. The BCNNTs with a PEG dosage of 1.0 g were selected as the catalysts for the following kinetic analysis, because they have the highest activity (fig. S7). As shown in [Fig. 3A](#F3){ref-type="fig"}, the main products of the reaction on BCNNTs are FA (\~47%) from ODH, DME (\~14%) from intermolecular dehydration, CO~2~ (\~35%) from deep oxidation (combustion), and slight dimethoxymethane (DMM; \~3%) from secondary reaction. Methanol conversion could reach \~25% with the carbon balance at 100 ± 5% under the chosen reaction conditions, and BCNNT catalysts are stable for at least 20 hours, which was confirmed by IR, XRD, SEM, and TEM characterizations on the used catalysts (figs. S8 and S9). The x-ray photoelectron spectroscopy (XPS) measurements on the fresh and spent BCNNT catalysts (as shown in tables S3 and S4 and fig. S10) demonstrate that there is no significant change in the identity and quantity of oxygen functionalities during the reaction, indicating the relatively high structural stability of the catalysts. As shown in [Fig. 3B](#F3){ref-type="fig"}, methanol conversion reactions were also performed on BN and oxidized carbon nanotube (OCNT) catalysts under the same reaction conditions for comparisons (fig. S11). The main products of methanol conversion on BN are FA (80%), CO~2~ (20%), and negligible DME at a very low conversion (2%), while both ODH and dehydration reactions could be observed on OCNT catalysts because of the existence of acid and redox sites. Methanol conversion on OCNT could reach 9%, with the selectivity of FA, DME, DMM, and CO~2~ at 49, 23, 4, and 24%, respectively. The higher catalytic activity and target product selectivity of BCNNT catalysts compared with BN and OCNT materials suggest the synergy effect of BN and graphitic carbon components in the hybrids. The advantage of the synergy of carbon and BN species was also revealed by the electron paramagnetic resonance (EPR) measurements. The strong EPR signals for both fresh and spent BCNNT catalysts (fig. S12) suggest the generation of unpaired electrons, which may facilitate methanol ODH reactions.

![Catalytic activity measurements and comparisons.\
(**A**) Methanol conversion activity of BCNNTs-360°C as a function of reaction time. (**B**) Methanol conversion activity of BN, OCNT, BCNNTs-320°C, and B~4~C catalysts (reaction conditions: 1 kPa of methanol; 8 kPa of O~2~, 573 K, 100 mg of catalysts, balance He). (**C**) Steady-state catalytic activities (573 K) of BCNNT catalysts with different oxygen contents (calcination temperature).](aba5778-F3){#F3}

As shown in [Table 1](#T1){ref-type="table"}, BCNNT catalysts exhibit superior or at least comparable catalytic activity compared with the most typical metal catalysts, but they are still not as good as the industrial Ag catalyst and MoFe catalysts ([@R27]--[@R34]). Considering the gentle reaction condition and sustainable nature, BCNNT materials exhibit great potential in substituting conventional metal-based catalysts in ODH reactions of methanol producing FA.

###### Catalytic activity comparison.

Catalytic activity of BCNNTs compared with that of metal-based catalysts.

  **No.**   **Catalysts**     ***T* (K)**   **Mass (g)**   ***P*~O2~/*P*~CH3OH~**   **Conversion (%)**   **Selectivity (FA, %)**   **Reference**
  --------- ----------------- ------------- -------------- ------------------------ -------------------- ------------------------- ---------------
  1         BCNNTs            573           0.10           8:1                      29                   54                        This work
  2         Au-NbMCF          573           0.12           8:4                      20                   61                        27
  3         TiO~2~-300C       573           0.025          5:1                      28                   7                         28
  4         V-Mg-O            573           --             1:1                      30                   99                        29
  5         MoOx/SiO~2~       476           3.1            47:6                     20                   89                        30
  6         V~2~O~5~/TiO~2~   433           0.20           16:5                     41                   61                        31
  7         Cu/SBA-3          523           0.02           2:1                      8                    47                        32
  8         MoOx-Fe~2~O~3~    498           --             10:1                     90                   92                        33
  9         ZrMCF             573           0.12           8:4                      6                    15                        27
  10        Ag/SiO~2~         913           2.0            0.51:1                   96                   89                        34

The apparent activation energy for methanol ODH on BCNNTs is 81 kJ mol^−1^ from Arrhenius equation, which is slightly lower than that on conventional metal-based catalysts (for example, TiO~2~ nanocrystals at 88 kJ mol^−1^) ([@R28]). The reaction order of O~2~ is 0.41 for BCNNT-catalyzed methanol ODH reactions (fig. S13), which is similar to that of BCN nanosheets in ethylbenzene ODH reactions (0.17 to 0.57) ([@R18]). As shown in [Fig. 3C](#F3){ref-type="fig"}, the selectivity of the target products FA and DME changes with surface oxygen content of BCNNTs, suggesting that the reactivity (both acid and redox) may originate from surface oxygen functionalities. Meanwhile, we found that the selectivity of FA, DME, and CO~2~ had negligible change with different conversions under constant reaction temperature (fig. S14), indicating that methanol conversion on BCNNTs is a parallel reaction.

Identification and quantification of active sites
-------------------------------------------------

The catalytic activity was linked to the chemical structure to reveal the active sites on BCNNTs for dehydration and ODH reactions ([Fig. 4A](#F4){ref-type="fig"}). The surface concentration of different oxygen functional groups (─COOH, ─C═O, ─B─OH, and ─C─OH) on BCNNT catalysts was determined by O1s XPS analysis (as shown in table S1). A positive linear dependence of DME formation rates on the surface concentration of carboxylic acid (─COOH) groups could be observed in [Fig. 4B](#F4){ref-type="fig"}, suggesting that intermolecular dehydration of methanol (forming DME) may occur only on these acid sites exhibiting the highest acidity among surface oxygen functionalities on BCNNTs. The intrinsic catalytic activity of carboxylic acid (─COOH) groups for DME formation \[turnover frequency (TOF)\] is 4.59 × 10^−6^ molecules COOH^−1^ s^−1^ from the slope of the line in [Fig. 4B](#F4){ref-type="fig"}. In contrast, FA formation rates have shown no such linear dependence on a single type of oxygen functionality (fig. S15), indicating the methanol ODH reactions may relate to multiple active sites. We assumed that the methanol ODH reactions on each type of active sites do not influence other groups (non-competitive or non-synergistic reactions) and the intrinsic activity could be different for various sites. The experimentally observed FA formation rates were linearly fitted with the surface concentration of different oxygen functional groups (─C═O, ─C─OH, ─COOH, and ─B─OH) using TOF as fitting parameters. After testing all the possible combinations of different oxygen functionalities, the best fitting could be achieved when ketonic carbonyl (C═O) and boron hydroxyl (B─OH) groups were both simultaneously considered as active sites (the detailed fitting process can be found in note S1). As shown in [Fig. 4C](#F4){ref-type="fig"}, the simulated FA formation rate (*r*′~FA~) fits well with the experimentally observed rate value (*r*~FA~), and the TOF methanol ODH reactions on ─C═O and ─B─OH could be calculated via the slope of the line, as shown in [Fig. 4D](#F4){ref-type="fig"}. It is reasonable that ─C═O (ketonic carbonyl) groups on carbon could catalyze methanol ODH reactions, because they are also found to be the active sites for the alkane ODH process ([@R35], [@R36]). The nucleophilic ketonic carbonyl groups would abstract two hydrogen atoms from methyl and hydroxyl groups of methanol molecules, respectively. The reduced catalysts (with hydroxyl groups on the surface) would be reoxidized with the assistance of oxygen molecules forming FA and H~2~O as products similar to the alkane ODH reaction process ([@R1]).

![Identification and quantification of active sites over BCNNT-catalyzed methanol conversion reaction.\
(**A**) Schematic illustration for methanol ODH and dehydration reaction on active sites. (**B**) DME formation rate (■) as a function of the surface concentration of ─COOH. (**C**) Correlation between experimental (*r*~FA~) and simulated (*r*′~FA~ = TOF(C═O)·\[C═O\] + TOF(B─OH)·\[B─OH\]) FA formation rate (★). (**D**) Simulated FA formation rate as a function of the surface concentration of ─C═O (●) and ─B─OH (▲). Reaction conditions: 1 kPa of methanol, 8 kPa of O~2~, 573 K, 100 mg of catalysts, balance He.](aba5778-F4){#F4}

Mechanism of methanol ODH reactions on B─OH sites
-------------------------------------------------

The kinetic analysis above reveals that B─OH sites are also active for methanol ODH reactions, which is a new finding in nonmetallic catalysis. As shown in [Fig. 5](#F5){ref-type="fig"} (A and B), in situ diffuse reflectance infrared flourier transform spectra (DRIFTS) analysis (fig. S16) was performed on the "working" surface of BCNNT materials to clarify this catalytic process. Unlike ─C═O groups, there is an obvious increase on the IR signal of ─B─O at 930 cm^−1^ (─B─O out-plane mode shown in [Fig. 5A](#F5){ref-type="fig"}) upon the solely introduction of O~2~ into the reaction system, because the edge boron and B─OH sites are converted to B─O─O─B species and H~2~O with the assistance of oxygen ([@R37], [@R38]). The IR signal of B─O groups exhibits a remarkable decrease after switching the reactant inlet from O~2~ to methanol, because B─O─O─B species could be reduced to B─OH sites to finish the redox cycle, and this transformation (redox cycle) is reversible as shown in [Fig. 5B](#F5){ref-type="fig"}.

![Mechanism of methanol ODH reactions on B─OH site.\
(**A**) DRIFTS of BCNNTs-340°C. (**B**) IR signal intensity at 930 cm^−1^ (─B─O) of BCNNTs-340°C upon the introduction of O~2~ and methanol during in situ DRIFT measurements. (**C**) B K-edge and (**D**) N K-edge XAS of fresh BCNNTs and the samples after reaction with O~2~ and methanol, respectively.](aba5778-F5){#F5}

X-ray absorption spectroscopy (XAS) measurements were performed to further reveal the catalytic reaction process. As shown in [Fig. 5C](#F5){ref-type="fig"}, there are six peaks in the B K-edge XAS spectra of BCNNT samples located at 189.8 eV (B1), 191.2 eV (B2), 191.8 eV (B3), 192.4 eV (B4), 193.3 eV (B5), and 198.8 eV (B6). These peaks can be assigned as B4C, BN3, BN2, BN, and B─O configuration π\* state and B═N configuration σ\* state ([@R39]), respectively. Reaction of oxygen with BCNNT samples (573 K) leads to a significant increase of the B─O signal, suggesting that B edge sites may be activated (oxidized) by oxygen molecules, which agrees well with in situ DRIFTS observations. On the contrary, there is neither N─O nor any other signal evolution (N═C π\* state at 397.3 eV, N═B π\* state at 399.3 eV, N═B σ\* state at 405.6 eV, and N═C σ\* state at 413.6 eV) ([@R40]--[@R42]) after reaction with oxygen and methanol ([Fig. 5D](#F5){ref-type="fig"}), indicating that nitrogen species may not directly serve as active sites for the catalytic reaction. Combining the kinetic analysis and the spectroscopic data, we can draw a clear picture on the mechanism of methanol ODH reactions on B─OH sites. The B─OH sites may first be oxidized by molecular oxygen forming B─O─O─B species. The two hydrogen atoms from C─H and O─H bonds of methanol molecules are abstracted by B─O─O─B intermediates, forming FA as products. Meanwhile, the catalyst recovers to its original state (B─OH site) to finish the reaction cycle. The intrinsic methanol ODH catalytic activity (TOF) of B─OH is slightly higher than that of C═O (1.74 × 10^−5^ molecules B-OH^−1^ s^−1^ versus 1.45 × 10^−5^ molecules C═O^−1^ s^−1^) under the same reaction conditions. The general reaction pathways for BCN-catalyzed methanol conversion are summarized in [Fig. 1](#F1){ref-type="fig"} (reaction pathways).

To achieve comprehensive understandings on the origin of the catalytic behavior of such a previously unknown and unique catalyst system, density functional theory (DFT) was carried out. Our calculation results indicate that the B─O─O─B formation step on BN without carbon doping ([Fig. 6A](#F6){ref-type="fig"}; C~0~) has an extremely positive free energy change (Δ*G*) of 1.77 eV ([Fig. 6B](#F6){ref-type="fig"}). Clearly, it is the rate-determining step in the overall pathway (fig. S17) due to the strong O─H bond, and the free energies of methanol ODH intermediates are shown in fig. S18. Therefore, the catalytic activity of each specified BCN configuration can be preliminarily assessed using the free energy change (Δ*G*~B-O-O-B~) for the dehydrogenation step of 2 (B─OH) to B─O─O─B. A more negative Δ*G*~B-O-O-B~ indicates that it is easier to dehydrogenate to form B─O─O─B intermediate.

![DFT analysis for BCNNT catalysis.\
(**A**) Schematic of the computational models of C~0~, C~1~, C~1~\*, C~2~, and C~2~\*. Gray (black), pink, red, blue, and white balls represent C, B, O, N, and H atoms, respectively. (**B**) Calculated Δ*G*~B-O-O-B~ for the rate-determining step on C~0~, C~1~, C~1~\*, C~2~, and C~2~\*. (**C**) Calculated free-energy diagram for ODH reduction over C~2~ system. The insets are the optimized structures of the intermediates along the reaction path. (**D**) Calculated projected DOS for 2*p* orbitals of the B of C~0~, C~1~, and C~2~ systems. All energy levels are relative to the Fermi level for each system, which is set to zero. The energy levels with the *p*-band center of C~0~, C~1~, and C~2~ are highlighted in black, red, and blue dashed lines, respectively.](aba5778-F6){#F6}

Given that carbon doping could improve the catalytic performance of BN by tuning the electronic structures of active sites, we investigate the influence of carbon doping by replacing N or B atoms near the region of B─O─O─B active site on the activity of methanol ODH reactions. Our calculation results indicate that when a C atom is doped by replacing an adjacent N atom (N~a~) of B─O─O─B ([Fig. 6A](#F6){ref-type="fig"}; C~1~), Δ*G*~B-O-O-B~ can be notable reduced to 1.21 eV compared to that (1.77 eV) for C~0~ ([Fig. 6B](#F6){ref-type="fig"}). When two C atoms are doped by replacing two N~a~ ([Fig. 6A](#F6){ref-type="fig"}; C~2~) of B─O─O─B, Δ*G*~B-O-O-B~ can be further lowered to 0.5 eV ([Fig. 6B](#F6){ref-type="fig"}). In this case, after the formation of B─O─O─B, the adsorption of CH~3~OH generates a Δ*G* of 0.47 eV ([Fig. 6C](#F6){ref-type="fig"}). Subsequently, the dehydrogenation of CH~3~OH to produce CH~2~O species yields a very negative Δ*G* of −3.16 eV, recovering the catalyst with B─OH sites. When a C atom is doped by replacing an N atom (N~m~) in the middle of B─O─O─B ([Fig. 6A](#F6){ref-type="fig"}; C~1~\*), Δ*G*~B-O-O-B~ (1.69 eV; [Fig. 6B](#F6){ref-type="fig"}) is nearly unchanged, compared to that for C~0~. Similar results can be found for the case of two C atoms doping with the N~m~ substituted by one C atom ([Fig. 6A](#F6){ref-type="fig"}; C~2~\*), for which the calculated Δ*G*~B-O-O-B~ is as high as 1.65 eV. The results are in agreement with experimentally observed boron carbide (B~4~C) catalytic property ([Fig. 3B](#F3){ref-type="fig"}) at \~12% methanol conversion with FA (17%), DME (71%), and CO~2~ (12%). We also noticed that, when the number of doped carbon atoms is increased to 8, 15, and 20 (fig. S19; C~8~, C~15~, and C~20~) without replacing N atoms, Δ*G*~B-O-O-B~ is even higher than 2 eV (fig. S20). Therefore, it is concluded that carbon doping can help to reduce Δ*G*~B-O-O-B~ with the increasing amount of carbon, assuming that the carbon atoms are doped into the appropriate lattice positions.

Density of states (DOS) analysis was performed to gain more physical insights for the carbon-doped B─OH sites. The hybridization between the electronic states of B─OH and between the electronic states of OH and B atom would trigger the splitting of hybridized energy levels into antibonding states and bonding states. In this case, the higher location of *p*-band center (see Materials and Methods for details) of B atom would correspondingly lead to a higher location of antibonding states with a lower occupancy, resulting in a stronger interaction between B and O. This means that the interaction between O and H would be weakened because of the decrease of the electron density on O. Therefore, the position of *p*-band center is a good descriptor of the binding strength of H on O: A higher location of *p*-band center facilitates the dehydrogenation of B─OH. [Figure 6D](#F6){ref-type="fig"} shows the projected DOS for the *p* orbitals of the active B of the three carbon-doped BN (C~0~, C~1~, and C~2~). The *p*-band center (−5.83 eV) of C~0~ is far from the Fermi level (0 eV). Therefore, the O─H bond should be very strong, which leads to a highly positive Δ*G*~B-O-O-B~ of 1.77 eV. For C~1~, the *p*-band center is significantly raised to −5.35 eV. In this case, the interaction between O and H becomes weaker, thus resulting in a less positive Δ*G*~B-O-O-B~ of 1.21 eV. For C~2~, the *p*-band center is sharply lifted up to −3.92 eV, which leads to an optimal Δ*G*~B-O-O-B~ of 0.5 eV. Such a value suggests that the B─O─O─B intermediate can be easily formed on C~2~. To this end, our theoretical results are in good agreement with the experimental observations and provide a useful strategy for synthesizing efficient BCN catalysts for methanol ODH reactions: The carbon atoms should be doped into the N lattice adjacent to B─O─O─B sites of the BN substrate, while the formation of B─C─B pair by substituting N~m~ with C should be suppressed.

CONCLUSION
==========

In summary, we presented here a facile synthetic strategy to prepare BCNNTs from small-molecule organic precursors at low cost, which exhibit superior catalytic activity and stability in methanol conversion reactions relative to nonmetallic carbon, BN, and/or metal-based catalysts. The proposed BCNNTs exhibit high surface area, controllable chemical compositions, and adjustable oxygen functional groups (C═O, COOH, B─OH, and OH), which benefit the heterogeneous catalytic reaction process. We revealed here the origin of the catalytic activity of BCN materials with kinetic and spectroscopic evidences, as well as DFT calculation results. The acid catalysis (intermolecular dehydration of methanol to DME) happens on carboxylic acid groups, while the redox catalysis (ODH of methanol to FA) occurs on both ketonic carbonyl and boron hydroxyl sites. Moreover, the reaction pathways of methanol ODH on C═O and B─OH sites are different, but the intrinsic activity on these sites is similar. We believe that these research results could provide new physical-chemical insights into the reaction mechanism of nonmetallic catalytic systems and shed light on the detailed quantitative understandings on the nonmetallic BCN catalytic process.

MATERIALS AND METHODS
=====================

Materials preparation
---------------------

### Synthesis of BCNNTs with different B, C, and N content

Boric acid (0.3 g), urea (10.0 g), and PEG (0.3, 0.6, 1.0, and 1.2 g) (molecular weight, 2000) were dissolved in 80 ml of deionized water. The homogeneous solution was heated to 120°C for 10 hours under stirring before recrystallization. A white crystalline powder was obtained upon evaporation of the solvent. The obtained solid mixture was annealed at 900°C for 6 hours with a heating rate of 5°C/min under the protection of nitrogen, and the obtained final products were named as BCN-0.3, BCN-0.6, BCN-1.0 (BCNNTs), and BCN-1.2.

### Synthesis of BCNNTs with different oxygen contents

BCNNTs (150 mg) were calcined at a given temperature for a certain time in air, yielding BCNNT samples with different oxygen contents. The synthesized samples are named BCNNTs-*X*-*Y*, where *X* represents the calcination temperature (*X* = 280°, 300°, 310°, 320°, 330°, 340°, 350°, 360°, and 380°C) and *Y* is the calcination time (1, 2, 2.5, 3, 3.5, 4, 4.5, 5, and 6 hours).

### Synthesis of h-BN

Boric acid (0.927 g) and urea (27 g) were dissolved in 100 ml of deionized water. The homogeneous solution was heated to 120°C for 10 hours under stirring to recrystallization. The white crystalline powder formed with the evaporation of solvents. The precursor was heated to 900°C with a ramping rate of 5°C/min and kept for 2 hours under N~2~ protection, and the obtained final products were denoted as BN.

### Synthesis of OCNT

Primary CNT (0.2 g) and concentrated nitric acid (200 ml) were mixed in a 500-ml round-bottom flask. The mixture was heated to 120°C to reflux for 2 hours, and the precipitate was filtered out and washed with deionized water for several times until the pH of the filtrate reached 7. The product was dried in vacuum at 120°C for 24 hours to give black OCNTs.

Catalyst characterizations
--------------------------

Powder XRD patterns were collected on a Bruker D8 ADVANCE diffractometer with Cu-K1 radiation (λ = 1.5406 Å). Data were obtained with a scanning speed of 15°/min in the range of 10° to 80°. TEM measurements were performed on an aberration-corrected JEOL ARM 200CF microscope, and SAED and EDX (energy-dispersive x-ray) elemental mapping measurements were performed on the same TEM. The XPS spectra were obtained from a surface analysis system (ESCALAB 250, Thermo VG, USA) with Al-Ka x-rays (1486.6 eV, 150 W, 50.0 eV pass energy). The O1s bands were deconvoluted into four bands at binding energies of 531.2 to 531.3, 532.3 to 532.4, 532.7 to 532.8, and 533.6 to 533.7 eV using CasaXPS software with a full width at half maximum of 1.2 to 1.5 eV, corresponding to C═O, COOH, B─O(H), and C─OH groups, respectively. N~2~ adsorption-desorption isotherms were measured at −196°C using Micromeritics ASAP 2020 instrument, and the pore size distribution was calculated by DFT. The DRIFTS were recorded on a Thermo Fisher Scientific Nicolet iS 10 Fourier transform IR spectrometer (temperature, 300°C; 10 ml/min 0.5% O~2~; 10 ml/min 13% methanol; balance Ar). The thermogravimetric analysis was performed on NETZSCH STA 449 C with temperature in the range of 40° to 800°C in air. The EPR was carried out on Bruker A300 at 20°C. The x-ray adsorption fine structure spectra (B and N K-edge) were collected at the Hefei National Synchrotron Radiation Laboratory.

DFT calculation details
-----------------------

All calculations were performed using the Vienna Ab Initio Simulation Package (VASP) based on plane-wave basis sets ([@R43]). Projector-augmented wave potentials were used for modeling electron-ion interactions, with a plane-wave energy cutoff set to 500 eV. The generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) functional was adopted for structural optimization ([@R44]). The surface Brillouin zone is sampled with a 1 × 3 × 1 uniform mesh for the surface optimization, while it is set to be 9 × 9 × 1 for the electronic structure calculations ([@R45]). All the surfaces are fully relaxed by using a nonlinear conjugate gradient algorithm until total energy and atomic forces are converged within error tolerances of 10^−5^ eV and 0.01 eV/Å, respectively. Free energy calculations of ODH on BN-based surfaces followed a standard hydrogen electrode model suggested by Nørskov *et al.* ([@R46]). The free energy change (Δ*G*) is defined ([@R47])$$\Delta G = \Delta E + \Delta\textit{ZPE} - T\Delta S + \Delta G_{U}$$where Δ*E* is the electronic energy change directly, Δ*ZPE* is the zero-point energy change, *T* is the temperature (298 K), and Δ*S* is the entropy change. The vibrational frequencies are calculated to determine ZPE and the entropy contributions.

Methanol conversion reaction and catalytic activity measurement
---------------------------------------------------------------

Methanol ODH and intermolecular dehydration conversion rates were measured on 100 mg of BCNNT or other catalysts at atmospheric pressure at 573 K using a tubular quartz flow reactor with plug flow. Reactant mixtures contained methanol (99.9%), O~2~ (99.999%), and He (99.999%) at a typical gas flow rate of 6000 ml hour^−1^ of gas per gram of catalyst used, and the molar flow rates of them were adjusted to give the desired methanol and O~2~ partial pressures (0.05 to 0.8 kPa and 0.05 to 1.6 kPa, respectively). Reactant and product concentrations were analyzed on-line with a gas chromatograph (SP-2100A, Beijing Ruili) equipped with a thermal conductivity detector and a flame ionization detector.
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